Objective-To investigate the potential role of nuclear factor-erythroid 2-related factor 2 (Nrf2) in neovascularization with a murine surgical model of ischemia. Methods and Results-The transcription factor Nrf2 protects against oxidative stress by increasing the transcription of genes, including those for several antioxidant enzymes that contain an antioxidant response element. Ischemia was induced by femoral artery ligation in Nrf2-deficient (Nrf2 Ϫ/Ϫ ) and wild-type mice. Ischemia-induced neovascularization was enhanced in Nrf2 Ϫ/Ϫ mice compared with that in wild-type mice. The expression of Nrf2 target genes for heme oxygenase 1 and thioredoxin 1 and the concentration of total glutathione in the ischemic hindlimb were reduced for Nrf2 Ϫ/Ϫ mice compared with wild-type mice. The infiltration of inflammatory cells and the abundance of adhesion molecule mRNA were greater in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in wild-type mice. The expression of monocyte chemoattractant protein-1, tumor necrosis factor-␣, cyclooxygenase 2, and angiogenic factors in the ischemic hindlimb was also greater for Nrf2 Ϫ/Ϫ mice than for wild-type mice. 
N eovascularization is a tightly controlled physiological process that is also associated with pathological conditions, such as ischemic heart disease, peripheral vascular disease, and atherosclerosis. Angiogenesis, arteriogenesis, and bone marrow-derived endothelial progenitor cells are thought to contribute to ischemia-induced neovascularization. 1, 2 Inflammatory and angiogenic factors, including cytokines and vascular endothelial growth factor (VEGF), are essential for the development of the collateral circulation and the maintenance of vascular integrity. 3 Although reactive oxygen intermediates have cytotoxic effects under conditions of oxidative stress, reactive oxygen species (ROS), such as the superoxide anion and hydrogen peroxide, also function as signaling molecules in the mediation of growth factor-induced responses, thereby modulating angiogenesis. 4, 5 Moreover, oxidation-reduction-sensitive transcription factors, such as nuclear factor (NF) B, hypoxia-inducible factor-1␣, and Ets-1, regulate the initiation of angiogenesis. 6 Studies 7,8 of mice deficient in the gp phox subunit of NADPH oxidase showed that a reduced level of superoxide generation was associated with impaired recovery of blood flow and with reduced mobilization of endothelial progenitor cells from bone marrow after the induction of hindlimb ischemia. On the other hand, overproduction of ROS resulted in impairment of blood flow recovery and of the recruitment of endothelial progenitor cells and inflammatory cells after the induction of hindlimb ischemia in mice deficient in the antioxidant enzyme glutathione peroxidase 1 or extracellular superoxide dismutase. 9, 10 Thus, these various observations suggest that ROS are required for new blood vessel formation but that an excess or deficiency of such species results in impairment of neovascularization.
The transcription factor NF-erythroid 2 (E2)-related factor 2 (Nrf2), also known as NF-E2-like 2, is a member of the NF-E2 basic leucine zipper family of proteins and interacts with the antioxidant response element (ARE) that is present in the promoter regions of genes for phase 2 detoxifying enzymes. 11 It also protects against oxidative stress through ARE-mediated transcriptional activation of the genes for several antioxidant enzymes. 12 Thus, Nrf2 signaling has been shown to protect against renal oxidative damage induced by ferric nitrilotriacetate, 13 mitochondrial complex II inhibitor-mediated neurotoxicity, 14 and pulmonary hyperoxic injury. 15 Moreover, genetic ablation of Nrf2 increased the susceptibility to severe airway inflammation and cigarette smoke-induced emphysema in mice. 16, 17 However, whether Nrf2 also plays an important role in ischemia-induced neovascularization has remained unclear.
We hypothesized that Nrf2 might interact with inflammatory signaling in the regulation of angiogenesis, given that ROS play a key role in neovascularization in response to ischemic injury. We have investigated this hypothesis with Nrf2-deficient (Nrf2 Ϫ/Ϫ ) mice and a surgical model of ischemia.
Methods

Induction of Hindlimb Ischemia and Laser Doppler Perfusion Imaging
Twelve-week-old male wild-type (C57BL/6J) mice or Nrf2 Ϫ/Ϫ mice backcrossed with C57BL/6J mice for more than 8 generations were studied. The Nrf2 Ϫ/Ϫ mice 18 were obtained from the Center for Tsukuba Advanced Research Alliance, University of Tsukuba, Tsukuba, Japan, and were maintained by the Animal Resource Facility at Nagoya University Graduate School of Medicine, Nagoya, Japan. Animals of each strain were subjected to ischemia of the left hindlimb by left femoral artery ligation (more information is available at http://atvb.ahajournals.org). Evidence for ischemia-induced functional changes in vascularization was obtained by laser Doppler perfusion imaging with a laser Doppler blood flow analyzer (Moor LDI; Moor Instruments, Axminster, England) immediately as well as 1, 2, 3, and 4 weeks after surgery (supplemental data; available online at http://atvb.ahajournals.org).
Histological Analysis
Ischemic and nonischemic adductor skeletal muscles isolated from mice 4 weeks after surgery were embedded in optimal cutting temperature compound and snap frozen in liquid nitrogen. Multiple 10-m-thick cryostat sections were prepared and subjected to alkaline phosphatase staining to identify capillary endothelial cells (supplemental data). Ischemic and nonischemic adductor skeletal muscles isolated from mice 1 week after surgery were fixed in 10% formalin, embedded in paraffin, sectioned at a thickness of 4 m, and stained with hematoxylin-eosin. The sections were also subjected to immunohistochemical analysis to identify cells expressing Nrf2 and the infiltration of inflammatory cells (supplemental data).
Quantitative RT-PCR Analysis, Immunoblot Analysis, and Cytokine ELISAs
Total RNA was extracted from ischemic and nonischemic thigh muscles isolated 3 days after surgery and was subjected to quantitative RT-PCR analysis (supplemental data). Protein extracts of ischemic and nonischemic thigh muscles isolated 1 week after surgery were subjected to immunoblot analysis and were assayed for cytokines with the use of ELISA kits (eBioscience, San Diego, Calif) (supplemental data).
Detection of Superoxide Anion Production
To evaluate the production of ROS, we incubated frozen sections (thickness, 30 m) of ischemic and nonischemic thigh muscles with dihydroethidium at 10 mol/L (Invitrogen, Carlsbad, Calif) and 5-(6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate at 10 mol/L (Invitrogen) for 30 minutes at 37°C in a humidified chamber protected from light (supplemental data). For staining of nucleic DNA, the sections were incubated for 15 minutes at room temperature with 1-mol/L TO-PRO-3 dye (Invitrogen) in phosphate-buffered saline.
Measurement of Glutathione and Malondialdehyde
The amount of total glutathione (reduced glutathione plus oxidized glutathione disulfide) in ischemic and nonischemic thigh muscles was determined by the glutathione reductase and 5,5Ј-dithiobis-(2-nitrobenzoic acid) recycling assay, as described. 19 The amount of glutathione disulfide was also determined as previously described. 20 The concentration of malondialdehyde (MDA) was measured with the use of an assay kit (Nikkein Seil, Tokyo, Japan). 21 
Treatment With N-Acetyl-L-Cysteine
The effect of N-acetyl-L-cysteine (NAC) on neovascularization induced by femoral artery occlusion was examined in wild-type and Nrf2 Ϫ/Ϫ mice. Mice of each strain were divided into 3 groups: control mice or mice that received NAC (Sigma-Aldrich Japan, Tokyo, Japan) at either 0.1% or 1% in their drinking water 22 for 3 weeks, beginning immediately after surgery. The control group received plain tap water. Ischemia-induced functional changes in vascularization were evaluated by laser Doppler perfusion imaging immediately as well as 1, 2, and 3 weeks after surgery, which was performed at the age of 12 weeks.
Data are presented as meanϮSEM. The statistical significance of differences among means was evaluated by one-way ANOVA, followed by the Dunnett post hoc test. PϽ0.05 was considered statistically significant.
Results
Laser Doppler Perfusion Imaging and Capillary Density
Blood flow had largely recovered in the ischemic hindlimb of both wild-type and Nrf2
Ϫ/Ϫ mice at 4 weeks after surgery ( Figure 1A ). However, at 1 week after surgery, the ischemic to nonischemic blood flow ratio of Nrf2 Ϫ/Ϫ mice was significantly greater than that of wild-type mice ( Figure 1B ). This difference between Nrf2
Ϫ/Ϫ and wildtype mice remained apparent for up to 4 weeks. Capillary density was evaluated as a measure of vascularity at the level of the microcirculation. Adductor muscles from the ischemic and nonischemic hindlimbs of mice at 4 weeks after surgery were stained for alkaline phosphatase ( Figure  1C ). Collateral capillary density in the ischemic hindlimb was significantly greater for Nrf2 Ϫ/Ϫ mice than for wildtype animals ( Figure 1D ). Capillary density in the nonischemic hindlimb did not differ between the 2 mouse strains.
Expression of Thioredoxin 1, Heme Oxygenase-1, and Peroxiredoxin 1
The genes for the antioxidant enzymes thioredoxin 1, heme oxygenase-1, and peroxiredoxin 1 contain AREs in their promoter regions. 11 Quantitative RT-PCR analysis showed that the amounts of both thioredoxin 1 and heme oxygenase-1 mRNA were significantly increased in skeletal muscle of the ischemic hindlimb of both Nrf2
Ϫ/Ϫ and wild-type mice, compared with those in the corresponding nonischemic hindlimb, at 3 days after surgery (Figure 2A) . However, the amounts of mRNA in ischemic muscle were significantly smaller for Nrf2 Ϫ/Ϫ mice than for wild-type mice. The amount of peroxiredoxin 1 mRNA was significantly increased in skeletal muscle of the ischemic hindlimb only for wild-type mice (Figure 2A ). Antioxidant gene expression, production of the superoxide anion, and concentrations of MDA, total glutathione, and glutathione disulfide (GSSG) in skeletal muscle of the ischemic and nonischemic hindlimbs of Nrf2 Ϫ/Ϫ or wild-type mice. A, Quantitative RT-PCR analysis of thioredoxin (Trx1), heme oxygenase (HO)-1, and peroxiredoxin 1 (Prx1) mRNA in tissue isolated at 3 days after surgery. Data are normalized by the abundance of 18S ribosomal RNA, are expressed relative to the normalized value for the nonischemic hindlimb of wild-type mice, and are given as the meanϮSEM from 8 mice per group. *PϽ0.05 and **PϽ0.01. B, Sections of skeletal muscle isolated 1 week after surgery were stained with dichlorodihydrofluorescein diacetate (green fluorescence) and dihydroethidium (red fluorescence) and examined by confocal microscopy. Nuclei were also stained with TO-PRO-3 (white fluorescence in upper panels). C, Concentrations of MDA, total glutathione, and GSSG in muscle tissue isolated 1 week after surgery. Data are given as the meanϮSEM from 8 mice per group. *PϽ0.05 and **PϽ0.01.
Superoxide Anion Production and Markers of Oxidative Stress
Dihydroethidium and dichlorodihydrofluorescein diacetate staining revealed that superoxide anion production in skeletal muscle of the ischemic hindlimb was increased in both Nrf2 Ϫ/Ϫ and wild-type mice, compared with that in the corresponding nonischemic hindlimb, at 1 week after surgery ( Figure 2B ). The concentration of MDA was also significantly increased in skeletal muscle of the ischemic hindlimb of both mouse strains compared with that in the corresponding nonischemic hindlimb ( Figure 2C) . Although the MDA level in the ischemic hindlimb tended to be greater for Nrf2 Ϫ/Ϫ mice than for wild-type mice, the difference was not statistically significant. The concentration of total glutathione was significantly decreased in skeletal muscle of both the ischemic and nonischemic hindlimbs of Nrf2 Ϫ/Ϫ mice compared with the corresponding values for wild-type mice at 1 week after surgery ( Figure 2C ). The concentration of glutathione disulfide in the ischemic hindlimb was significantly increased compared with that in the nonischemic hindlimb only for Nrf2 Ϫ/Ϫ mice ( Figure 2C ).
Blood Flow Ratio in Mice Treated With NAC
To determine whether attenuation of the oxidative burden might limit blood flow recovery in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice, we treated mutant and wild-type mice with NAC, beginning immediately after femoral artery ligation. At 1 to 3 weeks after surgery, the ischemic to nonischemic blood flow ratio of Nrf2 Ϫ/Ϫ mice treated with 1% NAC was significantly (PϽ0.05) smaller than that of control Nrf2
Ϫ/Ϫ mice (supplemental Figure) . The blood flow ratio of Nrf2 Ϫ/Ϫ mice treated with 0.1% NAC was significantly (PϽ0.05) smaller than that of control Nrf2 Ϫ/Ϫ mice only at 2 weeks after surgery. There was no significant difference in blood flow ratio between Nrf2 Ϫ/Ϫ mice treated with 1% NAC and control wild-type mice at 2 or 3 weeks after surgery (supplemental Figure) .
Expression of Nrf2
The amount of Nrf2 mRNA was significantly increased in skeletal muscle of the ischemic hindlimb relative to that in the nonischemic hindlimb of wild-type mice at 3 days after surgery ( Figure 3A) . As expected, Nrf2 mRNA was virtually undetectable in muscle tissue of Nrf2 Ϫ/Ϫ mice. To localize Nrf2 expression, we performed immunohistochemical analysis. The skeletal muscle of the nonischemic hindlimb of wild-type mice exhibited negligible Nrf2 immunoreactivity; such immunoreactivity was apparent predominantly in endothelial cells and fibroblasts in skeletal muscle of the ischemic hindlimb of these animals ( Figure 3B ). Nrf2 staining was also detected in infiltrated inflammatory cells, such as lymphocytes and monocytes-macrophages, in the ischemic muscle of wild-type mice. The expression of Nrf2 was not detected in skeletal muscle of the ischemic or nonischemic hindlimb of Nrf2 Ϫ/Ϫ mice ( Figure 3B ).
Infiltration of Inflammatory Cells
The infiltration of inflammatory leukocytes into the ischemic tissue, as revealed by hematoxylin-eosin staining, was more pronounced in Nrf2 Ϫ/Ϫ mice than in wild-type mice at 1 week after surgery ( Figure 4A ). New arterial vessel formation, as determined by immunostaining for ␣-smooth muscle actin, was also more prominent in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in wild-type animals ( Figure 4B ). Immunostaining for CD3 and F4/80 revealed that the numbers of infiltrating T cells and macrophages, respectively, in skeletal muscle of the ischemic hindlimb were significantly greater for Nrf2 Ϫ/Ϫ mice than for wild-type mice ( Figure 4C) . Furthermore, the number of CD31-positive endothelial cells in skeletal muscle of the ischemic hindlimb was significantly greater for Nrf2 Ϫ/Ϫ mice than for wild-type animals ( Figure 4C ).
Expression of Adhesion Molecule Genes
Quantitative RT-PCR analysis revealed that the amounts of vascular cell adhesion molecule (VCAM)-1 and E-selectin mRNA were significantly increased in skeletal muscle of the ischemic hindlimb of both Nrf2 Ϫ/Ϫ and wild-type mice, compared with those in the corresponding nonischemic hindlimb, at 3 days after surgery ( Figure 4D ). The amounts of VCAM-1 and E-selectin mRNA were also significantly greater in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in wild-type mice.
Expression of Chemokines, Proinflammatory Cytokines, and Proinflammatory Mediators
The amounts of mRNA for the chemokine monocyte chemoattractant protein (MCP)-1 and 2 proinflammatory cyto- kines (tumor necrosis factor [TNF]-␣ and interleukin-6) were significantly increased in skeletal muscle of the ischemic hindlimb of both Nrf2 Ϫ/Ϫ and wild-type mice, compared with those in the corresponding nonischemic hindlimb, at 3 days after surgery ( Figure 5A ). The amounts of both MCP-1 and TNF-␣ mRNA were also significantly greater in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in wild-type mice. The amounts of MCP-1, TNF-␣, and interleukin-6 proteins, as determined by ELISA, were significantly greater in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in the nonischemic hindlimb of Nrf2 Ϫ/Ϫ or wild-type mice at 1 week after surgery ( Figure 5A ). The abundance of cyclooxygenase (COX) 2 mRNA was also significantly increased in skeletal muscle of the ischemic hindlimb of both Nrf2 Ϫ/Ϫ and wild-type mice, compared with that in the corresponding nonischemic hindlimb, at 3 days after surgery ( Figure 5B ). The amount of COX2 mRNA was also significantly greater in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice than in wild-type mice. Immunoblot analysis revealed similar changes in the abundance of COX2 protein at 1 week after surgery ( Figure 5B ).
Expression of VEGF, Angiopoietin-1, and Their Receptors
The amounts of mRNA for the angiogenic factors VEGF and angiopoietin (Ang)-1 in the ischemic hindlimb were significantly greater for Nrf2 Ϫ/Ϫ mice than for wild-type mice at 3 days after surgery ( Figure 6A ). Immunoblot analysis revealed similar differences in the abundance of VEGF and Ang-1 proteins at 1 week after surgery ( Figure 6B ). Regarding the expression of genes encoding receptors for VEGF (Flt-1 and Flk-1) or for Ang-1 (Tie2), the amounts of Flt-1 and Tie2 mRNA in the ischemic hindlimb were significantly greater for Nrf2
Ϫ/Ϫ mice than for wild-type mice ( Figure 6C ).
Discussion
We have shown that ischemia-induced neovascularization was markedly enhanced in Nrf2 Ϫ/Ϫ mice compared with wild-type mice. The promotion of ischemia-induced neovascularization by ablation of Nrf2 was associated with downregulation of antioxidant defense in endothelial cells and potentiation of the inflammatory response.
Nrf2 is a key transcription factor that controls the constitutive and inducible expression of phase 2 drug-metabolizing enzymes through interaction with AREs in the promoter regions of the corresponding genes. 23 Given that AREmediated expression and coordinated induction of antioxidant enzymes are central to protection against oxidative stress, Nrf2 is also an important intracellular link between oxidative stress and antioxidant responses. 24 Oxidative signals result in the release of Nrf2 from its cytosolic repressor (Kelch-like ECH-associated protein 1 [Keap1]) and its subsequent translocation to the nucleus, where it activates the transcription of ARE-containing genes. 25 Mice deficient in Nrf2 have been shown to have an increased vulnerability to both oxidative stress attributable to pentachlorophenol 26 and the hepatotoxicity of the common analgesic acetaminophen. 27 We have shown that the recovery of blood flow after the induction of ischemia in the mouse hindlimb was markedly potentiated by Nrf2 deficiency. Our results are consistent with previous studies 28, 29 showing that sulforaphane, which activates Nrf2 by binding to Keap1, suppresses angiogenesis and disrupts endothelial mitotic progression and microtubule polymerization. Antioxidant responses have been diminished and oxidative damage has been enhanced in the brain, kidneys, and lungs of Nrf2-deficient mice. 30 In the present study, the expression of antioxidant enzyme genes that contain AREs in their promoter regions and the concentration of total glutathione in skeletal muscle of the ischemic hindlimb were significantly reduced in Nrf2 Ϫ/Ϫ mice compared with wild-type mice. Furthermore, the enhancement of blood flow recovery by the ablation of Nrf2 was attenuated by treatment with NAC, suggesting that Nrf2 Ϫ/Ϫ mice are more susceptible to oxidative stress and that the oxidation-reduction status of the ischemic hindlimb in these animals promotes neovascularization.
Nrf2 is highly unstable in the cytosol of cells under basal conditions, with a half-life of less than 20 minutes; however, it is stabilized in response to oxidative stress. 31 We have shown that the level of Nrf2 immunoreactivity was increased in endothelial cells, fibroblasts, and infiltrated inflammatory cells (eg, lymphocytes and monocytes-macrophages) in the ischemic hindlimb of wild-type mice. Endothelial cells generate ROS, such as the superoxide anion and hydrogen peroxide, with the major enzymatic source of ROS in endothelial cells being NADPH oxidase. 32 ROS stimulate the release of cytokines and angiogenic growth factors, such as VEGF and Ang-1, from macrophages and fibroblasts. 33 Angiogenic factors also induce the migration or proliferation of endothelial cells by increasing ROS generation. 34 These observations reveal an important role for endothelial cellderived ROS in new blood vessel formation, triggered by tissue ischemia; and they support our conclusion that the promotion of neovascularization, apparent in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice, is attributable to impairment of antioxidant defense and increased ROS accumulation in endothelial cells and the consequent release of VEGF and Ang-1 from inflammatory cells. Paracrine mechanisms encompassing endothelial cells and fibroblasts have also contributed to the modulation of angiogenesis in an in vitro model. 35 We found that the expression of Nrf2 was markedly increased in fibroblasts in the ischemic hindlimb of wildtype mice. Given that such activated fibroblasts are an important source of growth factors and proinflammatory and profibrotic cytokines, 36 interactions between endothelial cells and fibroblasts might also regulate ischemiainduced neovascularization.
Pathways responsible for the induction of adhesion molecules are oxidation-reduction sensitive and important for the proliferation and migration of inflammatory cells. 37 In the present study, we found that inflammatory cells, such as T lymphocytes and macrophages, accumulated to a greater extent in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice compared with wild-type mice. The infiltration of inflammatory cells in the lungs of models of allergen-dependent asthma or hyperoxia-induced lung injury was previously shown to be increased in Nrf2-deficient mice compared with wild-type animals. 16, 38 To clarify the molecular mechanism responsible for the enhanced inflammation in Nrf2
Ϫ/Ϫ mice, we examined the expression of genes for the adhesion molecules VCAM-1 and E-selectin in skeletal muscle. We found that the expression of VCAM-1 and E-selectin genes in the ischemic hindlimb was significantly increased in Nrf2 Ϫ/Ϫ mice compared with wild-type mice. Our results are consistent with the previous observation that overexpression of Nrf2 inhibited TNF-␣-induced expression of VCAM-1 in endothelial cells, 39 and they suggest that the upregulation of adhesion molecules as a result of a diminished antioxidant response might contribute to the enhanced infiltration of inflammatory cells in the Nrf2 Ϫ/Ϫ mice with an ischemic hindlimb. Infiltrated leukocytes release various cytokines and angiogenic factors that promote neovascularization. 40 We have shown that ablation of Nrf2 resulted in increased expression of the proinflammatory cytokine TNF-␣, the chemokine MCP-1, the proinflammatory enzyme COX2, and the angiogenic factors VEGF and Ang-1 in response to ischemia. We also found that capillary density was increased and new arterial vessel formation was enhanced in the ischemic hindlimb of Nrf2 Ϫ/Ϫ mice compared with wild-type mice. The associated increase in the number of endothelial cells in Nrf2 Ϫ/Ϫ mice might contribute to the observed increase in gene expression for receptors of VEGF and Ang-1.
In conclusion, the extent of ischemia-induced neovascularization was markedly enhanced in Nrf2 Ϫ/Ϫ mice. This effect of Nrf2 deficiency was associated with reduced expression of antioxidant enzymes, which include the products of Nrf2 target genes, as well as with enhanced infiltration of inflammatory cells and increased expression of proinflammatory factors. Thus, our observations suggest that the enhancement of ischemia-induced neovascularization apparent in Nrf2 Ϫ/Ϫ mice may be attributable to an enhanced inflammatory response that results from impaired antioxidant defense and increased accumulation of ROS in endothelial cells.
